The study simulated the Aeolian sand concrete damage process under wind-sand erosion using a sand-bearing wind-sand erosion test device. Then, different wind parameters were selected to study their damage failure influences on Aeolian sand concrete surfaces, and an orthogonal test was carried out for three factors: wind speed, sand carrying capacity, and angle of attack. The significant level and variance contribution rate of the angles of attack were the largest. The test results indicated that the damage failure arising from wind-sand erosion could be divided into three stages: the accelerated development stage, attenuation stage, and stabilization stage. During the accelerated development stage, the damage failure of the concrete surfaces was found to be relatively large, and obvious erosion pits were produced following the erosion. With the increases in action times, the process gradually developed into the attenuation stage, and then finally into the stability stage. The test results revealed that the damage failure of the Aeolian sand concrete surfaces which arose from the sand flow with 200 to 300 μm diameter sand was relatively serious.
Introduction
Aeolian sand is a type of super-fine sand formed by blowing winds and deposition in desert and Gobi areas. The diameters of Aeolian sand particles are much smaller than those of common river sand, and the SiO 2 content of Aeolian sand is higher than that of common river sand. Generally speaking, Aeolian sand is distributed in the surface layers of deserts and sandy land areas (Pye and Tsoar 2009) . Common desert sand is a typical Aeolian sand, as shown in Fig. 1 . China contains various desert and sandy land areas. The wide distribution of Aeolian sand resources is one of the main reasons for land desertification. The area of the existing desertification land in China is 334 thousand km 2 ; sandy land areas make up 37 thousand km 2 ; and desert and Gobi areas comprise 1.162 million km 2 , for a total of 1.533 million km 2 or 15.9% of the total land mass of China, which exceeds the total area which is occupied by China's farmlands (Gao et al. 2013) .
Although Aeolian sand is a type of environmental hazard, it can also become a green resource following reasonable utilization processes. Researchers have studied Aeolian sand from different angles, and have obtained certain results in such aspects as physical characteristics, chemical characteristics, topography characteristics, mineral characteristics, and geological characteristics (Elipe and López-Querol 2014) . Meanwhile, they also have explored the utilization of Aeolian sand as a road material, and it has been used as material at the onset of roadbed filling in desert areas (Khan 1982) . During the later stages of roadbed filling, it has been used for soft soil reinforcement, roadbed separation layers, and base or cushion courses for pavement (Sesma et al. 2012; Al-Sanad 1984) .
In recent years, researchers have used Aeolian sand as fine aggregates in mortar and concrete (Luo et al. 2013; Jin et al. 2012; Abu-Seif 2011; Zhang et al. 2006) . Therefore, the Aeolian sand mortar and concrete ob-tained through the complete or partial replacement of river sand have certain application scopes and prospects in some areas which do not have sufficient river sand resources. A series of theoretical achievements have been obtained during the conducting of a major number of test research studies. For example, when the sand-cement ratio of desert sand concrete is larger than 1.41, its workability is not obviously different from that of common river sand concrete. Also, the air content has been found to obviously increase with increases in the sand-cement ratio. When the sand-cement ratio is 1.18, the slump has been found to reach a maximum value of 105 mm (Luo et al. 2013) . Furthermore, an inverse relationship has been observed between the Aeolian sand concrete strength and the mixing amount. When the replacement rate was higher than 60%, the slump drop was obvious, and the strength and workability of the Aeolian sand concrete met the engineering requirements (Jin et al. 2012; Abu-Seif 2011; Zhang et al. 2006) . The self-compacting desert sand mortar liquidity could be effectively improved when the replacement rate was 50%, and became poorer when the replacement rate exceeded 75% (Kadri 2014) . The dynamic mechanical performances of the desert sand concrete were determined to be quite complex. According to the analysis achieved through ANSYS/LS-DYNA software numerical simulation, these performances had obvious size effect. It was found that the peak compression stress decreased with the increasing in the minimum coarse aggregate size and the maximum coarse aggregate size. Besides, it increased and then decreased with the increasing in the volume content of coarse aggregate . The Aeolian sand had a dual function on the frost resistance of the lightweight aggregate concrete. When the Aeolian sand mixing amount was smaller than 30%, the freeze-thaw of the lightweight aggregate concrete could be effectively inhibited. The transition zone structures between the Aeolian sand lightweight concrete and the common lightweight concrete were found to be different. The introduction of Aeolian sand can influence the spatial arrangement of atoms in hydration products (Dong et al. 2016) .
Wind-sand erosion refers to the erosion and abrasion of sand-bearing wind on surface buildings and landforms (Shi and Shi 2014) . In the wind-sand flow areas, concrete damage failure arising from wind-sand erosion can be mainly divided into two types: physical influence, and chemical influence. Physical influence mainly refers to the concrete surface damages arising from the direct impacts of surface sand and pebbles projected by the wind. However, chemical influence mainly includes the intensified carbonization of concrete due to the CO 2 in the air in a strong wind environment, as well as severe concrete erosion due to the saline dust particles carried by strong winds. However, the physical influences on the concrete damage failures are more intuitive. Due to the effects of wind-sand erosion, many pits and cracks may easily occur on the surfaces of the concrete, which severely affects its durability, and shortens its service life. Inner Mongolia of China has rich wind energy resources. However, this area also suffers from serious wind-sand damages. Strong winds often occur during the spring and winter months. The annual average number of days with the wind speed ≥17 m/s in the northwest area of Inner Mongolia exceeds 50, and even 75 in some local areas (Gao et al. 2014 ). The area is dry and rainless, with exposed dunes and minimal vegetation. Therefore, sand storms may occur quite easily, and in the cases of strong winds, serious hazards may result (Wen and Ding 2008) , as shown in Fig. 2 . When the wind speed is ≥10 m/s, dust is raised. When the wind speed is ≥17 m/s, sand storms are caused. The maximum recorded wind speed in Hohhot of Inner Mongolia occurred during the spring of 1983, characterized by instantaneous wind speeds reaching 38 m/s (Shen 2008) .
Herein, the damage to the concrete surface caused by different wind, time and sand parameters were investigated. Considering the wind speed, the sand carrying capacity and the angle of attack in wind parameters, the significant level and the variance contribution rate were analyzed. In addition, the different curing age and different Aeolian sand replacement rates of concrete wind-sand erosion damage were also considered. In view of different aspects, the deterioration law and the damage mechanism of Aeolian sand concrete affected by wind-sand erosion were researched. The results can provide a theoretical basis for the study on the damage and destruction of the Aeolian sand concrete in special wind-sand environment of wind erosion arid area.
Test materials and methods

Test materials
In this study, the cement used was Jidong P·O 42.5 ordinary Portland cement. The fly ash was produced in Xijiao thermal power plant of Hohhot, the classification of fly ash was class F (ASTM 2005). The fly ash had a density of 2,150 kg/m 3 , a specific area of 354 m 2 /kg. The loss on ignition was 3.05%, water demand of 97.2%, and microbead content of 93.3%. The fine aggregate was Table 1 . The coarse aggregate was composed of common gravel, with an apparent density of 2,669 kg/m 3 ; packing density of 1,650 kg/m 3 ; particle size scope of 5 to 26.5 mm; silt content of 0.37%; crush index of 3.7%; and the firmness of 5.1%. The water used in this study was common tap water, and the admixture was an AE-11 efficient air-entraining water-reducing agent.
In order to prepare the Aeolian sand concrete with a water-binder ratio (w/b) of 0.45, the partial river sand was replaced with Aeolian sands using a mass substitution approach, with replacement rates of 20%, 40%, and 60%, respectively. The concrete mixing ratios is shown in Table 2 . The initial air content and slump can demonstrate the workability of the fresh concrete and the initial air content and slump as shown in Table 3 . The initial air content of all three groups of aeolian sand concrete was more than 4.0% and the slump was more than 100 mm. The test pieces were cubic pieces measuring 100 mm × 100 mm × 100 mm. Then, unconfined compressive strength tests were conducted on the test pieces with the concrete ages of 7, 28, and 90 days. The compressive strengths of the 28-day cubic test pieces were determined to meet the C40 concrete requirements, as shown in Table 3 .
Selection of the wind-sand erosion parameters
The wind-sand erosion parameters under wind-sand environmental conditions are important indexes which influence wind-sand flow, and are also the main environmental factors which influence the damage failure of concrete materials. The wind-sand erosion parameters mainly include wind, sand, and time parameters. The appropriate erosion parameters can potentially simulate most the actual damage failures which occur in field concrete attributed to wind-sand erosion.
Wind parameters
Wind force parameters mainly refer to the wind indexes of the wind-sand flow, which include the three factors of wind speed, sand carrying capacity and angle of attack. Wind speed refers to the instantaneous wind speed of the wind-sand flow on a target material's surface. The sand carrying capacity refers to the sand mass carried by the movement of the wind-sand flow, and represents the sand concentration. The angle of attack refers to the instantaneous angle between the incident track of the sand and the target material's surface, and it is also referred to as the angle of incidence. A great number of previous tests have shown that there is a close relationship between the angle of attack of the solid particles, and the mass loss of the target materials (Hao et al. 2016; Liu et al. 2012; Liu et al. 2006 ).
Time parameters
Time parameters mainly refer to the action times of the wind-sand flow on target materials. In the case of wind-sand erosion, different degrees of damage failure will occur on target materials with changes in erosion times.
Sand parameters
In this study, Aeolian sand from the hinterland of the Kubuqi Desert in Ordos was used. The sand parameter mainly referred to the particle indexes of the Aeolian sand in the wind-sand flow, which included the sand particle size and sand morphology. The sand particle size mainly referred to the particle distribution of the Aeolian sand. The Aeolian sand particles were analyzed with a HELOS/RODOS laser particle analyzer made by Sympatec, Germany. Then, the test results showed that the percent of main particle sizes which varied in particle sizes between 100 and 200 μm was found to be approximately 58.23%. Those larger than 200 μm and smaller than 100 μm were 34.67%, 7.10%, respectively as shown in Fig. 3 . The sand morphology mainly referred to the shape on a micro level. The micro morphology of the Aeolian sand was observed with an S-3400N scanning electron microscope made by Hitachi of Japan. Then, in accordance with the test results, most of the Aeolian sand was determined to consist of irregular polygonal particles with rounded edges and corners, with a small roundness and point-to-point contact between the particles, and a large porosity among the particles. The SEM image is displayed in Fig. 4 .
Wind-sand erosion test device
In this research study, a self-made sand-carrying flow erosion test device was utilized to simulate the actual wind-sand environment in the northwest regions of China, and to conduct wind-sand erosion tests on the concrete. It boasted the advantages of a strong controllability, short test period, high accuracy, and simple and convenient operation. It consisted of four parts: an air supply device, sand supply device, wind-sand erosion device, and sand recycling device, as shown in air flow pressure with a pressure maintaining valve, and measured the actual wind speed (7 to 35 m/s) on the concrete surfaces with a thermal-sensitive anemometer. The sand supply device consisted of a sand container and outflow pipe. The sand container stored the Aeolian sand and the outflow pipe, and, being equipped with outflow holes of different quantities, was used to obtain the different outflow rates (30 to 360 g/min) through the outflow holes, as well as the changes in the sand carrying capacity of the wind-sand flow. The wind-sand erosion device consisted of an erosion pipe and an erosion chamber. The erosion pipe was composed of an air inlet, sand inlet, and erosion valve. The erosion chamber was an enclosed transparent space of 1,000 mm × 1,000 mm × 1,000 mm, and it contained wind-sand erosion valve, entrance of anemometer, concrete clamp support, sand container, water tank, air exhaust vent and sand discharge hole as shown in Fig. 6 . The concrete clamp support could be adjusted to the angles of attack (0° to 90°). The air exhaust vent was connected along with the air exhaust pipe to the water tank for dust reduction and air exhaust purposes. The sand discharge hole was connected to the sand recycling device, and the sand recycling bin had the ability to recycle the Aeolian sand which was used in the tests.
The concrete steps of the test operation were as follows: First, the concrete was fixed to the clamp in the erosion chamber, adjusts were made to the design angle of the attack, and the window of the erosion chamber was closed. Then, the air valve was opened, the pressure maintaining valve was adjusted, and the actual wind speed was measured using a thermal-sensitive anemometer to obtain the design wind speed. At this point, the sand outflow hole valve was opened, and adjusted to the design sand carrying capacity. Then, the erosion valve of the erosion device was opened to carry out the wind-sand erosion test.
Damage failure evaluation indexes
The concrete damage failure was evaluated with a concrete mass loss ΔM and erosion rate E R , with the erosion rate calculated using Formula (1) as follows: 100 100
where M Δ is the concrete mass loss following the wind-sand erosion (g); s M is the abrasive material mass (g); p M is the sand carrying capacity (g/min); and t represents the wind-sand erosion time (min).
Test design
First, the most unfavorable wind factor was determined through an orthogonal test. The following wind parameters were adopted for the test: wind speeds of 16, 22, 26 and 31 m/s; sand carrying capacities of 30, 60, 90 and 160 g/min; and the angles of attack were set as 15°, 45°, 75° and 90°. Then, 16 erosion tests were carried out under different wind parameters for every group of concrete, as shown in Table 4 . The erosion lasted for 10 minutes. The most unfavorable wind parameters were obtained using intuitive and variance analyses, and then the weights of the three wind parameters on concrete erosion were determined, influenced by the significant level and variance contribution rate analyses. Second, the Aeolian sand concrete's damage failures were determined every 60 seconds, and the concrete surfaces' damage failure processes were examined under the wind-sand erosion, based on the most unfavorable wind parameters. Third, according to the analysis results of the Aeolian sand particles, the screening method was used to control the range of sand particle size distribution, the Aeolian sand was sieved by 100 μm, 200 μm and 300 μm square sieves and divided into three ranges (0-100μm, 100-200 μm, 200-300 μm). The size distribution in each range curve was shown in Fig. 7 . The concrete surfaces' damage failures caused by the wind-sand flow composed of sand with different particle sizes were studied. Meanwhile, the concrete surface topography following the erosion was analyzed with a Z16APOA three-dimensional super-field-depth microscope made by Leica of Germany, and then the damage failure mechanism of the Aeolian sand surface under wind-sand erosion was obtained.
Test results and discussion
Influences of the wind parameters 3.1.1 Influence of the wind speed
Concrete is known to be a typical brittle material. Its damage failure rule after wind-sand erosion is similar to the damage failure rule of brittle materials after solid particle erosion and abrasion. As shown in Fig. 8 , the concrete erosion rates of the different Aeolian sand replacement rates increased with the growth in the wind speeds. The erosion rates of the Aeolian sand concrete were found to be the largest when the wind speed reached 31 m/s. Then, in accordance with the energy conservation law, the higher the wind speed, the larger the kinetic energy owned by the Aeolian sand with the same mass. In the cases of collisions with the concrete, the wind speed reduced sharply, and the energy was absorbed by concrete. As a result, damage failures in the concrete surfaces were caused (Hao et al. 2016) .
Influence of the sand carrying capacity
As can be seen in Fig. 8 , the concrete erosion rates of the different Aeolian sand replacement rates decreased with the increases in sand carrying capacity. The concrete erosion rate was determined to be the largest when the sand carrying capacity was 30 g/min. When the sand carrying capacity gradually increased, certain interaction effects occurred among the sand during the movement, and the sand particles rubbed and collided with each other. In particular, the secondary collisions with injected sand occurred during the rebounds after the collisions with the concrete. As a result, the amount of sand actually colliding with the concrete decreased, the liquidity of the sand dropped, and the damage failures of the concrete surfaces weakened (Shipway and Hutchings 1994) . Figure 8 confirmed that the concrete erosion rates of the different Aeolian sand replacement rates increased with the increases in the angles of attack. The Aeolian sand concrete erosion rate was found to be the largest when the angle of attack was 90°. Also, when the angle of attack was 15°, the erosion rate was determined to be the smallest. According to the solid particle erosion and abrasion theory for typical plastic materials (such as metal and alloy), the maximum erosion rate occurs when the angle of attack is between 20° and 30° (Misra and Finnie 1981; Al-Bukhaiti et al. 2015; Neilson and Gilchrist 1968) . For typical brittle materials (such as ceramic and glass), the maximum erosion rate occurs when the angle of attack is 90° Goretta et al. 1999) . In regards to the wind-sand erosion of the Aeolian sand concrete, the test results coincided with deterioration rules of brittle materials following the attacks at different angles.
Influence of the angle of attack
Variance analysis
Based on the above intuitive analyses, the most unfavorable factor combination was found to be as follows: wind speed: 31 m/s; sand carrying capacity: 30 g/min; and angle of attack: 90°. Then, in accordance with the variance analysis of orthogonal test results, the significant level and variance contribution rates of all the fac- tors could be determined, as shown in Table 5 . In this study, according to analysis of the significant level and variance contribution rates of the three concrete groups, the significant level of all the angles of attack were found to be highly significant (**), and their proportions in the variance contribution rates (41.14%~47.43%) were the largest. In view of the effect aspect of the wind speeds and sand carrying capacities, the significant level of the 20% and 40% Aeolian sand replacement rates concretes were determined to be significant (*), and that of the 60% Aeolian sand replacement rate concrete was found to be highly significant (**). Furthermore, the variance distribution rates of the wind speeds (18.08%~29.88%) were larger than those of the sand carrying capacities (13.18%~20.89%) to varying degrees. Therefore, a conclusion can be drawn that the variance contribution rates order of the three factors was as follows: angle of attack (41.14%~47.43%) > wind speed (18.08%~29.88%) > sand carrying capacity (13.18%~20.89%). Besides, the significant level of the angles of attack were always highly significant (**). These results indicated that the influences of the angles of attack on concrete were large, and there was a necessity to pay attention to the design of the windward side angles, and avoid wind-sand erosion with a 90° angle of attack. of the Aeolian sand replacement rate, along with the age of the concrete. The changes in the 28 and 90 days erosion rates of the three concrete groups are shown in Fig.  9 . As can be seen in Fig. 9 , when the Aeolian sand replacement rate increased from 20% to 60%, the concrete erosion rate dropped from 2.30% to 0.80%. The concrete erosion rate decreased by varying degrees with the increases in the age of the concrete. These results indicated that the wind-sand erosion resistance of the Aeolian sand concrete improved with the increases in the Aeolian sand replacement rate and the age of the concrete.
Influences of the
The surface damage failures of the Aeolian sand concrete following the wind-sand erosion were observed using a three-dimensional super-field-depth microscope. Then, three 28 days concrete groups following the wind-sand erosion under the most unfavorable factors were selected. In order to observe the damage failure surfaces, a three-dimensional image of the damage failure surfaces, as well as a three-dimensional depth cloud map of damage failure surfaces, were constructed using Leica Map software. An emphasis was laid on the observation of the surface damage failure topography, along with the damage depth of the Aeolian sand concrete following the wind-sand erosion. As can be seen in Fig. 10 , the surface was quite rough in the OC-20 Aeolian sand concrete group, and obvious erosion pits were observed following the wind-sand erosion. Also, the partial aggregates were completely exposed, and the depth and diameter of the erosion pits were large. For the OC-60 Aeolian sand concrete group, the surface was relatively smooth, and the depth and diameters of the erosion pits were small. Figure 10 displays the three-dimensional depth cloud map. It can be seen from the figure that the maximum damage failure degrees of the three concrete groups following the wind-sand erosion were 3,690 μm, 1,402 μm, and 54.2 μm, respectively. The depths and diameters of the OC-20 group were found to be much larger than those of the OC-60 group.
The three-dimensional depth cloud map reflected heterogeneity and anisotropy of the Aeolian sand concrete. There was an obvious uneven distribution of the cement mortar, aggregates on surface and in the internal parts of concrete, and certain differences in the cement mortar thicknesses, which led to an uneven damage failure topography following the wind-sand erosion, as well as a weak wind-sand erosion resistance in the cement mortar. Also, the aggregates displayed strong wind-sand erosion resistance (Grdic et al. 2012; Millman and Giancaspro 2015) .
Influence of the erosion time
In this study, 90 days concrete samples were selected to analyze the influence of erosion time on the Aeolian sand concrete. The most unfavorable factor combination was determined to be as follows: a wind speed of 31 m/s; sand carrying capacity of 30 g/min; and a 90° angle of attack. The samples were weighed every 60 seconds, with an accumulated erosion time of 12 minutes, record mass loss per minute ΔM, and accumulated mass loss ΣΔM. Notes: F 0.05 (3,6) = 4.76, F 0.01 (3,6) = 9.78, F > F 0.05 (3,6) is significant labeled by (*); F > F 0.01 (3,6) is highly significant labeled by (**). The changes in the concrete mass loss with the erosion time are shown in Fig. 11 . According to the results, the concrete mass loss per minute was relatively large during the erosion time of 0 to 5 minutes, and the largest loss of 0.3 g/min occurred during the 0 to 2-minute period. The mass loss per minute during the 2-to 5-minute timeframe was found to be smaller than that during the 0-to 2-minute timeframe, and it gradually became stable after 5 minutes, at basically 0.1 g/min. Overall, the accumulated mass loss showed a linear growth trend with the increased erosion time, which was found to increase rapidly during the 0-to 5-minute period, and slowed after 5 minutes was reached. The changes in the concrete erosion rate with the erosion time are shown in Fig. 12 . It can be seen in the figure that the changes of the erosion rate per minute were basically consistent with those of the mass loss per minute. The erosion rate was determined to be the largest during the 0-to 2-minute period of the test, became smaller during the 2-to 5-minute phase, and gradually became stable after 5 minutes, at basically 0.33%. The accumulated erosion rate increased rapidly, and reached the largest value during the 0-to 2-minute timeframe, gradually decreased during 2-to 5-minute period, and gradually became stable after 5 minutes was reached, with only a small change range.
It was determined in this study that, according to the changes of the mass loss and erosion rate, as well as the surface damage erosion topography at the different time periods (shown in Fig. 12) , that the concrete damage failure arising from the wind-sand erosion could be divided into three distinct stages: an accelerated development stage, attenuation stage, and stabilization stage. In regard to the accelerated development stage, the erosion rate obviously increased and reached the maximum value during the 0-to 2-minute phase of the testing. As can be seen in Figs. 13a and 13b , the maximum surface depth changed from 0.31 mm to 0.95 mm, with a change range of 0.64 mm. During this stage, the wind-sand flow continuously hit the surface of the cement mortar of the Aeolian sand concrete, and most of the energy carried by the sand was absorbed by the surface cement mortar. As a result, the surface cement mortar with low hardness was damaged rapidly, and the concrete developed from a relatively smooth surface, to be characterized by localized erosion pits Rashwan and Abou-Zeid 2012) .
For the attenuation stage, the erosion rate gradually decreased from the maximum value observed during the 2-to 5-minute phase. As can be seen in Figs. 13b and 13c , the maximum surface depth changed from 0.95 mm to 1.52 mm, with a change range of 0.57 mm. During this stage, under the continuous influence of the wind-sand flow, the erosion pit sizes gradually increased, fatigue cracks developed around the erosion pits, and cracks connected with each other and extended to form larger erosion pits. As a result, the surface cement mortar began to peel away (Rashwan and Abou-Zeid 2012; Millman and Giancaspro 2015) .
During the stability stage, the erosion rate decreased and became stable after five minutes. As shown in Figs.  13c, 13d, and 13e , the maximum surface depths during the 5-to 8-minute and 8-to 12-minute timeframes changed from 1.52 mm to 1.66 mm, and from 1.66 mm to 1.70 mm, respectively, with change ranges of 0.12 mm and 0.04 mm. During this stage, the gradual peeling-off of the cement mortar finally led to increases in effective area of aggregates exposed in the air. The wind-sand flow continued to hit the internal cement mortar and aggregates, and some of the sand became broken due to greater hardness of the aggregates. Also, the energy consumption of the breaking sand caused decreased energy absorption by the internal concrete. As a result, the internal peeling-off decreased, individual aggregates peeled off when the effective exposure area reached a certain value, and individual instantaneous mass losses increased (Al-Bukhaiti et al. 2015; Misra and Finnie 1981) . 
Influence of the sand particle size
In this study, 90 days concrete samples were selected to analyze the erosion influence of the sand particle sizes on the Aeolian sand concrete. The most unfavorable factor combination was determined to be as follows: a wind speed of 31 m/s; sand carrying capacity of 30 g/min; a 90° angle of attack; and an erosion time of 10 minutes. Aeolian sands of 0 to 100 μm, 100 to 200 μm, and 200 to 300 μm were used for the wind-sand erosion tests. The test results are shown in Fig. 14 . It can be seen from the figure that the erosion rates of the three concrete groups increased with the increases in the sand particle sizes. These findings indicated that the Aeolian sand with larger particle sizes caused more serious damage failure to the concrete. The damage failure topographies following the erosion by the wind-sand flow with different sand particle sizes are shown in Fig. 15. The Fig.15 showed the Z-axis coordinates from the 3D depth diagram was the maximum erosion pit depth. The maximum erosion pit depths of the three groups were 319 μm, 803 μm, and 1,476 μm, respectively. Therefore, according to the erosion rate, when the sand particle size increased from 0 to 100 μm to 100 to 200 μm, the erosion rate increased between 2.8 and 4.0 times. When the sand particle size increased from 100 to 200 μm to 200 to 300 μm, the erosion rate increased between 1.3 and 1.7 times. These results indicated that when the sand particle size was not larger than 100 μm, the raised dust which arose from had only a small influence on the concrete. In view of the same sand mass, when the sand particle size was small and the total surface area was large, the number of contact points among the sand increased. Therefore, the friction force among the sand during movement increased, and the energy consumption increased. The kinetic energy carried by the sand when hitting the concrete surface decreased, and the surface damage failure became reduced. For the same sand mass, when the sand particle size was large and the total surface area was small, the number of contact points among sand decreased. The friction force among the sand during movement decreased, and the energy consumption also decreased. The kinetic energy carried by the sand when hitting the concrete surface increased, and therefore the surface damage failures became serious (Misra and Finnie 1981; Al-Bukhaiti et al. 2015; Kirols et al. 2016 ).
Conclusions
1) The orthogonal tests were carried out on wind speed, sand carrying capacity, and angles of attack. The significant level and variance contribution rate of angle of attack were found to be the largest. These results indicated these had the largest influences on the concrete. When the angle of attack was 90°, the surface damage failure arising from the wind-sand erosion was determined to be the most serious. 2) During the early age of the Aeolian sand concrete (28 days), the Aeolian sand replacement rate and wind-sand erosion resistance of the Aeolian sand were found to be positively correlated. Under the same erosion conditions, it was determined that the larger the Aeolian sand replacement was, the smaller the surface damage failure was. The concrete age and wind-sand erosion resistance of the Aeolian sand were also positively correlated. The 90 days wind-sand erosion resistance was found to be superior to the 28 days resistance. In regard to the 90 days concrete with different Aeolian sand replacement rates, the damage failure differences were small, and the wind-sand erosion resistance also did not differ a great deal. be divided into three stages: the accelerated development stage; denudation stage; and stability stage. During the accelerated development stage, the surface damage failure was observed to be serious, and obvious erosion pits occurred following the erosion. Later, with increases in the erosion time, the denudation and stability stages began. 4) Aeolian sand of 0 to 100 μm, 100 to 200 μm, and 200 to 300 μm were selected in this study for wind-sand erosion tests. The sand of 200 to 300 μm was found to have the largest influence on the concrete. This was due to the fact that the kinetic energy carried by the sand during movement, which impacted the concrete surface, was the largest in this group. 
